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Edited by Gerrit van MeerAbstract Visualisation of nano-scale biomolecules aids under-
standing and development in molecular biology and nanotechnol-
ogy. Detailed structure of nucleosomes adsorbed to mica has
been captured in the absence of chemical-anchoring techniques,
demonstrating the usefulness of non-contact atomic force micros-
copy (NC-AFM) for ultra-high resolution biomolecular imaging.
NC-AFM oﬀers signiﬁcant advantages in terms of resolution,
speed and ease of sample preparation when compared to tech-
niques such as cryo-electron microscopy and X-ray crystallogra-
phy. In the absence of chemical modiﬁcation, detailed structure
of DNA deposited on a gold substrate was observed for the ﬁrst
time using NC-AFM, opening up possibilities for investigating
the electrical properties of unmodiﬁed DNA.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Nanotechnology1. Introduction
The determination of the structure of single biomolecules
continues to contribute to the understanding of their behav-
iour in biological processes. Various techniques have been
developed which endeavour to elucidate molecular structures.
In cryo-electron microscopy (cryo-EM), samples are frozen
in time before being exposed to an electron beam [1]. The sig-
nal-to-noise ratio is relatively low and it can be diﬃcult to de-
tect features when considering a small quantity of images,
often therefore hundreds of images need to be captured in or-
der to permit accurate molecular modelling. X-ray crystallog-
raphy provides detailed structural information provided
samples can be prepared as crystals [2], which to date has been
limited to only a small number of biomolecules. Atomic force
microscopy (AFM) complements these methods by oﬀering de-
tailed structural information [3,4] without lengthy sampleAbbreviations: AFM, atomic force microscope; cryo-EM, cryo-elec-
tron microscopy; UHV, ultra-high vacuum; dsDNA, double-stranded
DNA; PCR, polymerase chain reaction
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near its resonant frequency with large amplitude, forcing inter-
mittent tip-sample. However, strong repulsive forces can
develop between the tip and sample over relatively large areas
possibly causing undesired movement of molecules and image
blurring. Therefore, immobilisation techniques are often
sought to anchor molecules more strongly to the underlying
substrate. Thiol groups are often incorporated into molecules
ensuring the eﬀective bonding of molecules to the substrate
thus allowing reproducible imaging [5,6]. The preparation time
required for the molecule modiﬁcation, as well as potential
alteration in molecular structure are drawbacks of this
technique.
The non-contact AFM (NC-AFM) operates with increased
tip-sample separation and does not make contact with samples
under normal imaging conditions [7]. A cantilever is oscillated
above a sample surface with small amplitude at a frequency
larger than its resonance frequency, resulting in increased sen-
sitivity compared to tapping mode AFM. Weak attractive
forces alter this oscillation frequency; feedback is derived from
a force induced shift in oscillating frequency due to an interact-
ing force between tip and sample. NC-AFM performed in ul-
tra-high vacuum (UHV) achieves outstanding spatial
resolution. Previous experiments comparing tapping mode
AFM with NC-AFM of unmodiﬁed DNA strands on mica
showed that NC-AFM has stronger contrast and allows greater
resolution [8]. The typical tip-sample force used in the NC-
AFM imaging mechanism is less than 1 nN so that weakly
surface-adsorbed biomolecules can be reproducibly imaged
without blurring or degradation. In this study, we demonstrate
the eﬀectiveness of NC-AFM to image chemically unmodiﬁed
double-stranded DNA (dsDNA) prepared ex situ on gold sub-
strates and transferred to UHV. The choice of an electrically
conducting substrate allows imaging as well as experimenta-
tion with the electronic properties of bio-structures for future
use in nano-devices.
DNA is packaged with histone proteins in eukaryotic cells,
forming nucleosomes which secure DNA through degrees of
folding into chromatin ﬁbres [9]. Regularly repeating nucleo-
somes are considered the basic sub-unit of chromatin and the
structure has been determined through X-ray crystallography
[10,11]. Tapping mode AFM has been used to obtain low
resolution images of reconstituted nucleosomes deposited
on chemically treated mica [12]. Here, we report ultra-high
resolution NC-AFM imaging of native nucleosomes depos-
ited on to mica ex situ in the absence of any chemical
modiﬁcations.blished by Elsevier B.V. All rights reserved.
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2.1. DNA preparation
A 2-kbp linear DNA fragment was ampliﬁed from plasmid DNA by
polymerase chain reaction (PCR) using Taq polymerase, and M13 for-
ward and reverse primers. PCR products were puriﬁed using PCR
clean up columns (Qiagen) following the manufacturers recommenda-
tions. Ampliﬁed DNA was eluted from columns using water and ad-
justed to a ﬁnal concentration of 10 ng/ll for imaging.
2.2. Nucleosome preparation
Chromatin samples were prepared from wild-type FT5 yeast (Sac-
charomyces cerevisiae) [13] as described in [14]. Cells were grown over-
night in rich media yeast peptone 2% dextrose to an A550 of 1.5.
Puriﬁed sonicated chromatin samples were diluted 1:1000 in water be-
fore being imaged.
2.3. Mica preparation
Successful imaging of nano-sized biomolecules with NC-AFM re-
quires supporting substrates to be atomically ﬂat, well-deﬁned and free
from contaminants to ensure adsorbates are distinguishable from the
background. Mica can be cleaved in air to expose ultra-large atomi-
cally ﬂat areas, which are ideal for physical adsorption of biomolecules
due to its hydrophilic surface chemistry. In this work, freshly cleaved
mica was used as an imaging substrate for nucleosome experiments.
A single 2 ll droplet of the nucleosome-containing solution was depos-
ited at the centre of a 1-cm2 mica substrate and left for 5 min without
further treatment. Nitrogen gas was used to remove remaining liquid
and the samples were transferred into UHV with base pressure at
3 · 1010 mbar.
2.4. Gold surface preparation
The realisation of ultra-ﬂat electrically conducting substrates for
imaging and manipulation of nano-sized structures is highly signiﬁcant
for investigating the electronic properties of biomolecules in bioelec-
tronics. Ultra-ﬂat gold samples which are inert in air are produced
using a template-stripped gold method [15]. Gold was evaporated
on to a freshly cleaved, preheated (300 C, 5 h) mica sheet
(5 cm · 5 cm). A several hundred nanometer thickness of gold was
deposited on to the mica during the deposition procedure using an Ed-
wards Evaporator at 106 mbar. The gold-mica sheet was subsequently
cut into 1 cm2 pieces. Samples were ﬁxed gold-side down on metal
plates using carbon adhesive pads. The mica was carefully peeled oﬀ
to reveal a ﬂat gold surface which was used immediately to avoid con-
tamination. This gold substrate has very low surface roughness and
can be considered ultra-ﬂat. Surface roughness was measured using
NC-AFM yielding a root mean square value of 0.23 nm for a scan size
5 lm · 5 lm. 2 ll droplets of DNA (10 ng/ll) were deposited in theFig. 1. NC-AFM images taken under UHV conditions of dsDNA (2000 bp)
substrate. (B) Randomly formed DNA network adsorbed on to gold. The hel
regions appear to surround long DNA molecules, small fragments do not app
is prominent on hydrophobic gold substrates.central region of the gold surface and left for 15 min before drying with
nitrogen gas. Samples were transferred into the UHV chamber and im-
aged with NC-AFM.
2.5. Cantilever preparation
A highly doped silicon cantilever (typical values: length 125 lm,
width 30 lm, force constant 42 N/m, resonant frequency 330 kHz
with typical tip radius of curvature 10 nm) was used to perform
NC-AFM in UHV using an Omicron Variable Temperature Beam
Deﬂection AFM system. The silicon cantilever is highly doped to dis-
sipate static charge thereby allowing more accurate height measure-
ment and is chemically inert [16]. The oscillating frequency of the
cantilever was 750 kHz while the tip-sample distance was maintained
through the feedback pre-set frequency shift (Df) which was set at
approximately 50 Hz.3. Results and discussion
Analyses of chemically unmodiﬁed dsDNA molecules show
that an untreated gold surface provides an ideal background
for imaging deposited DNA molecules (Fig. 1). The imaging
clearly shows the helical nature of DNA structure. Measure-
ments made for ﬁve individual DNA molecules show that the
length is 700 nm which is in good agreement with the calcu-
lated length of 680 nm for a linear 2 kbp DNA molecule.
Analyses of 15 separate dsDNA molecules from ﬁve sepa-
rately prepared samples gives an average height of 1.37 nm
(standard deviation 0.19 nm). Where DNA molecules are ly-
ing across one another the height increases correspondingly.
Certain factors are likely to contribute to a larger than ex-
pected lateral diameter measurement of 12 nm. The ﬁnite
tip width leads to a tip convolution eﬀect; individual mole-
cules are adsorbed on to a surface rather than free in solution
implying lateral spread occurs to fully adsorb on to the gold
substrate; and the UHV environment may remove excess
water layers which would otherwise be present when imaging
in air. Despite the diﬀerence between the observed and ex-
pected lateral dimension, NC-AFM imaging produced high
resolution detail of the double helix structure of DNA, and
clearly oﬀers an alternative to cryo-EM and tapping mode
AFM in terms of sample preparation, image resolution and
reproducibility.on atomically ﬂat gold surface. (A) Large area scan of DNA on a gold
ical structure is evident along the DNA length. Interestingly, exclusion
ear in close proximity to DNA molecules. This repulsion characteristic
1704 E. Davies et al. / FEBS Letters 579 (2005) 1702–1706On a gold substrate DNA molecules form a random network
(Fig. 1A and B) which is much more pronounced than previ-
ously observed on mica (E.D., K.T. and S.W. unpublished re-
sult). Interestingly, small fragments (possibly small
oligonucleotides or salt residues) are excluded within close
proximity of DNA strands which may be a result of charge
repulsion. This contrasts with images obtained on hydrophilic
mica, where the immediate adsorption of DNA appears to in-
hibit the formation of the exclusion zones. A randomly formed
DNA network consisting of at least nine separate molecules is
shown at high magniﬁcation in Fig. 1B.
DNA is potentially a useful bio-polymer in the development
of nano-electronics. However, current literature oﬀers conﬂict-
ing reports as to the electrical properties of DNA due to the
chemical modiﬁcations needed to immobilise DNA prior to
making electrical measurements. The results obtained hereFig. 2. NC-AFM of nucleosome structures adsorbed on mica under UHV co
deposited on atomically ﬂat mica surface. (B) High resolution scan of dinu
octamer (blue) correspond to that shown in the simple model derived from th
of the core region. The blue line across nucleosome 2 represents the lo
Saccharomyces cerevisiae core nucleosome particle (Protein Data Bank acc
oriented with the NC-AFM nucleosome in B. (E) A line proﬁle taken across t
width 3–4 nm. (F) A three-dimensional perspective of the dinucleosome.demonstrate for the ﬁrst time that gold is an ideal substrate
for imaging unmodiﬁed DNA, and will now permit the electri-
cal properties of unmodiﬁed DNA to be determined using
scanning tunnelling microscopy in conjunction with NC-AFM.
Conventional AFM imaging of biomolecules involves
depositing samples on atomically ﬂat mica. We have captured
images of intact nucleosomes isolated from S. cerevisiae cells,
to demonstrate the ultra-high resolution imaging capability
of NC-AFM which surpasses those currently achievable using
conventional AFM and cryo-EM approaches. Three indepen-
dently prepared samples of chromatin were used during the
course of our experiments. At low resolution intact mono-
and di- nucleosomes isolated from yeast can be seen in Fig.
1A. High resolution imaging of the highlighted dinucleosome
clearly shows detailed structure of these two nucleosomes
(Fig. 2B). The nucleosomes in Fig. 2B both lie in the samenditions. (A) Large area scan of mono- and di- nucleosomes randomly
cleosome depicted in A. (C) DNA pathway around nucleosome core
e nucleosome crystal structure. Arrows (white) indicate extensions out
cation of the proﬁle shown in E. (D) The crystal structure of the
ession number 1ID3) from modelled NCBI Cn3D 4.1 software and
he dinucleosome (blue line) denotes peaks (red arrows) of DNA having
Fig. 3. An array of 5 nucleosomes adsorbed on mica. A simple model
proposes the relative orientation of each nucleosome. A line proﬁle
(graph) depicts peaks (4 red arrows) corresponding to DNAmaxima as
presented in the nucleosome model and actual nucleosome array.
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strates how the DNA could be arranged in relation to the
nucleosome core. The 3.1-A˚ resolution crystal structure for
the S. cerevisiae nucleosome [11] shows how the histone pro-
tein octamer, consisting of two molecules of each core histones
(H2A, H2B, H3 and H4), is assembled into a highly ordered
structure around which DNA is coiled in a superhelix to form
the nucleosome. Since yeast nucleosome cores are very closely
packed with linker regions only 15–20 bp in length [11], it is
feasible the nucleosomes in Fig. 2B are still joined with
DNA. Alignment of the NC-AFM nucleosome image in Fig.
2C with an image derived from X-ray crystal data of a recon-
stituted yeast nucleosome [11] in Fig. 2D (NCBI Cn3D 4.1
software [17]) clearly shows the very high degree of similarity
between the two structures which have been oriented on the
basis of dimension analysis of super-coiled DNA wrapped
around the core histones. For the X-ray model DNA coils
are depicted in blue and gold. Within the core, histone H2B
(light grey) is nearest the top of the nucleosome and H4 (or-
ange) is at the base to match areas of low/high mass densities
of the NC-AFM data. A line proﬁle across one nucleosome in
the structure (blue line, Fig. 2C) reveals two height maxima as
shown in Fig. 2E (highlighted with red arrows) having width
3–4 nm, which correspond to DNA wrapped twice around
the histone octamer. The distance between the two DNA
strands was 5–7 nm.
The measured lateral dimensions of nucleosomes 1 and 2 are
36 nm and the height is 1.2 nm. This compares to the 11 nm
lateral dimension for the known nucleosome core particle
[18]. Direct comparison between calculated and measured val-
ues is diﬃcult since factors such as sample preparation, chem-
ical treatment and controlled UHV environment have to be
considered. The diﬀerences in lateral dimensions between our
measurements and crystal structure data could possibly be
attributed to the presence of complete N-terminal tail do-
mains of the histone proteins (arrows, Fig. 2C), accounting
for additional histone mass protruding from the nucleosome
core [19]. Alternatively, measurements may vary from expected
values as the structures extend as they fully adsorb on to the
mica surface resulting in a decrease in nucleosome height.
Although the direct comparison between measurements taken
using NC-AFM and those calculated using X-ray crystallogra-
phy are limited with the nucleosome structure, it is clear that
NC-AFM reproducibly oﬀers superior structural information
when compared to conventional AFM and cryo-EM. In fu-
ture, this technique will provide high resolution structural
information for proteins that cannot be crystallised.
Chromatin subjected to sonication for a reduced time typi-
cally resulted in the ordered nucleosome arrays shown in
Fig. 3. The diameter of each nucleosome in the array is
approximately 26–30 nm whilst the height is 2–3 nm. This sug-
gests that the nucleosomes are less prone to spreading, possibly
due to the interactions between adjacent nucleosomes in a lar-
ger macromolecular structure [20]. A simple model at the top
of Fig. 3 depicts the ordered arrangement of the nucleosomes
which is derived from various line proﬁles taken across each
nucleosome. The line proﬁle shown through two nucleosomes
(blue line) reveals 4 peaks corresponding to the packaged
DNA with each having width 3–4 nm.
The reproducibility of NC-AFM is supported through anal-
ysis of more than 22 single nucleosomes from diﬀerent sam-
ples. Using these randomly chosen structures, the averagenucleosome height is 1.38 nm, standard deviation 0.27 nm.
The average diameter of a nucleosome is 33.17 nm, standard
deviation 4.12 nm.
Analyses of 12 nucleosomes show height peaks correspond-
ing to DNA wrapping around the nucleosome core. The aver-
age DNA width (based on 12 random nucleosomes, 2 DNA
measurements per nucleosome) is 3.17 nm, standard deviation
0.39 nm. The reproducibility of experiments shows that NC-
AFM is a reliable technique for imaging biological material.
Although the presence of salt aﬀects the histone-DNA inter-
actions [21,22], transitions from condensed states to open struc-
tures are essential for processes such as transcription and DNA
replication [20,23]. In this work, concentrated chromatin was
prepared in a salt concentration of 150mM sodium chloride
and subsequently diluted 1:1000 in water (to 0.15mM NaCl)
and immediately imaged thereby minimising conformational
changes. Nucleosome structure is maintained and reinforced
through experimental data. Dilution is required to minimise
undesired interaction of highly charged particles with the imag-
ing mechanism. We note that the generation of single strand
DNA breaks by the sonication process used to prepare nucleo-
some samples is possible. However it is clear that the integrity of
the nucleosome has beenmaintained as determined by the struc-
ture revealed. DNA when integrated into a nucleosome is
known to be highly resistant to DNA cleavage as is exempliﬁed
by pioneering experiments into nucleosome structure, where
1706 E. Davies et al. / FEBS Letters 579 (2005) 1702–1706high concentration DNAase treatment of nucleosomes did not
result in the degradation of DNA associated with histone pro-
teins. This issue appears to be supported through NC-AFM
images whereby their structural integrity is maintained.4. Conclusions
High-resolution imaging of DNA and DNA–protein com-
plexes without any chemical treatment of the molecules or sup-
porting substrates was successfully achieved using NC-AFM.
Samples were deposited on atomically ﬂat substrates in air,
dried and reproducibly imaged at ambient temperature in
UHV. Simple molecule adsorption proved suﬃcient to immobi-
lise biomolecules such as DNA on hydrophobic gold (as well as
hydrophilic mica) surfaces. Sample preparation is straightfor-
ward compared to both cryo-electron microscopy and X-ray
crystallography. The only prerequisite forNC-AFM is that sub-
strates should be ﬂat enough to distinguish deposited material
from the background. Images of nucleosomes presented in this
work surpass the resolution achieved using cryo-EM and tap-
ping mode AFM, and show detail previously only revealed by
X-ray crystallography. Furthermore, initial observation of indi-
vidual molecules adsorbed directly on to electrically conducting
gold substrates is a fundamental step forward in the exploration
of charge transfer properties in future bioelectronics.
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